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Abstract 
Research on soil pedogenesis has mainly focused on the long-term soil formation and has 
most often neglected recent soil evolutions in response to human practices. Such recent soil 
evolutions are however of considerable interest to study the timing of soil forming processes 
in response to changes in environmental conditions. In this paper, we model the Albeluvisol 
evolution in response to agricultural drainage. This was considered as a model case to study 
the velocity of mineralogical changes in soil as a result of eluviation and redox processes. We 
used a space-for-time substitution approach in combination with mass balance modelling 
based on mineralogical data in order to identify and characterise the mineralogical 
transformations responsible for the recent soil evolution in response to subsurface drainage. 
This approach allowed demonstrating that the main effects of subsurface drainage are (i) 
increasing precipitation of Mn oxides and Mn-rich ferrihydrite with decreasing distance to the 
drain as a result of the change in redox conditions and (ii) increasing loss of clay-sized oxides 
and smectites due to the enhanced eluviation in the vicinity of the drain. Both processes 
induce significant matter fluxes in comparison with those that occurred over the long-term 
soil formation. Nowadays, the precipitation of Mn oxides and Mn-rich ferrihydrite seems to 
still be active in the studied soil. On the opposite, the eluviation process appears less active 
than immediately after the drainage network installation, if not totally inactive. It thus 
demonstrates that some soil processes may have significant impact on the soil mineralogical 
composition even if they are only active over very short periods of time after a change in 
environmental conditions. 
Keywords: Pedogenesis modelling; Agricultural practices; Artificial drainage; Eluviation; 
Redox processes; Albeluvisol 
1. Introduction 
Human activities were early recognized as external factors affecting soil evolution ([Jenny, 
1941], [Bidwell and Hole, 1965] and [Yaalon and Yaron, 1966]), but their consequences on 
soil changes are still poorly understood and very rarely quantified (Richter and Markewitz, 
2001). These human-induced soil evolution can however be of large extent and are mostly 
irreversible as demonstrated by the few existing works on that subject ([Quideau and 
Bockeim, 1996], [Langhor, 2001], [Jussy et al., 2002], [Lima et al., 2002], [Kleber et al., 
2003] and [Gerlach et al., 2004]). Indeed changes in soil chemical, physical and biological 
properties have been observed within a few decades ([Cattle et al., 1994], [Boag et al., 1997], 
[Goulding and Blake, 1998], [Richard et al., 2001], [Caravaca et al., 2002] and [Chantigny, 
2003]). Understanding their consequences on soil evolution is thus of great importance in 
terms of soil sustainability. 
In addition human-induced soil evolutions can be easily dated thanks to historical or even 
prehistorical records, while soil long-term formation are more difficult to rate. These human-
induced evolutions are thus of great interest to study the rates of soil-forming processes. 
Indeed, the rates of soil processes remain poorly known, although their knowledge is a key-
point to model soil pedogenesis. Soil formation is classically considered as a slow process. 
Wilkinson et al. (2005) gives 104 to 105 years as an average of soil ages. Some study 
demonstrated rapid soil evolutions in various pedological contexts. As an example, Burt and 
Alexander (1996), studying a chronosequence of podzolic soils, reported that the formation of 
the organic horizon was completed within 38 years only while the E/Bhs layering was macro-
morphologically identified within 70 years. Other even faster mineralogical changes were 
observed in soils as significant feldspar dissolution within 3 years only in podzols and 
cambisols (Augusto et al., 2000) or permanent kaolinite dissolution/precipitation with 
significant evolutions in time scales as short as 6 months in tropical soils ([Cornu et al., 1995] 
and [Lucas et al., 1996]). 
Montagne (2006) quantified clear soil evolution due to 16 years of subsurface drainage in a 
French Albeluvisol: eluviation was enhanced and redox processes modified. Subsurface 
drainage appears thus as a model case for studying the velocity of changes in the soil 
mineralogical composition as a result of two of the major soil processes, namely eluviation 
and redox ones. In this paper, changes in the mineralogical composition after 16 years of 
subsurface drainage were modelled using a space-for-time substitution approach and an 
adapted mass-balance modelling. Indeed this modelling was first developed for computing the 
geochemical fluxes resulting from soil formation (Brimhall et al., 1991). We used it here in 
introducing mineralogical data. 
2. Materials and methods 
2.1. Studied site and soil 
The studied site lies on the crest of the Yonne plateau, France (Fig. 1), where Albeluvisols 
developed in Quaternary loam of aeolian origin deposited over an Eocene clay layer (Baize 
and Voilliot, 1988). The Quaternary aeolian deposit that constitutes the parent material of the 
studied soil is never calcareous and generally contains from 70 to 90% of silt-size particles 
and from 5 to 20% of clay-size particles (Pomerol, 1988). It rarely exceeds 1 m of thickness 
and is generally entirely weathered. This deposit was formed during dry and cold episodes of 
the Quaternary period. As a consequence the studied soil is supposed to be at least thousand-
year old. 
Present climatic conditions for the studied site are 10 °C mean annual temperature and ca. 
800 mm mean annual precipitation (Baize and Voilliot, 1988). Precipitations are regularly 
distributed throughout the year with a slight increase in December and January. In that period 
of the year a perched water table is observed within the upper horizons of the soil and the 
drain starts to outflow. The studied soils was cultivated since at least 200 years (Cadastre, 
1828) and shows the following horizonation: 
• From 0 to 25 (30) cm: a silty, brown to grey ploughed surface horizon with numerous black 
concretions. 
• From 25 (30) to 35 (40) cm: a silty E-horizon, greyer than the overlying horizon (10YR6/4). 
• From 35 (40) to 55 (60) cm: a horizon constituted by a complex mixture of several soil 
volumes of distinctive colours. The most abundant ones are silty and of a white–grey 
(10YR8/2 to 10YR7/1) to pale-brown (10YR7/4) colour. The less abundant ones are around 
10-cm in size, clayey and of an ochre colour (10YR5/6 to 10YR5/8). Black concretions and 
impregnations occur in the core of these last volumes. For convenience, we call this horizon 
hereafter the E&Bt-horizon. 
• From 55 (60) to 90 (105) cm: the degraded Bt-horizon shows a juxtaposition of the 
previously described soil volumes, the most abundant being the ochre ones. The white–grey 
and the pale-brown ones differ slightly in colour from the upper ones and are present as 
tongues with small amounts of a clay-rich and salmon–brown (10YR6/2) volumes. Black 
impregnations are less abundant than in the overlying horizon. 
In the studied plot, a subsurface drainage network was installed, in 1988 (16 years before 
sampling), by subsoiling, perpendicular to the main slope, at 1-m depth and spaced 15 m 
apart. We dug a 4-m-long trench perpendicularly to one of the drains, providing the following 
macroscopic observations (Fig. 2): 
(i) The thickness of the different horizons does not vary by more than 5 cm, which was not 
considered as significant; 
(ii) Within a distance of about 0.5 m on both sides of the drain in the E&Bt-horizon, the soil is 
disturbed by subsoiling operations during the drain installation as shown by a clear 
disorganization in the arrangement of the ochre and light-coloured soil volumes. This was not 
the case anymore beyond 0.5 m; 
(iii) As the distance to the drain decreases from 2 to 0.5 m, the relative abundance of the 
white–grey, pale-brown and black soil volumes increased both in the E&Bt- and in the 
degraded Bt-horizons. On the contrary, that of the clayey ochre soil volume decreased; 
(iv) Beyond 2 m from the drain, the amounts of the different soil volumes do not change 
significantly. 
2.2. Soil sampling strategy 
On the basis of the previous morphological observations, we sampled, a soil sequence 
comprising portions affected and unaffected by soil drainage (Table 1). The soil was sampled 
at three places of increasing distance to a drain, namely at 60, 210, and 400 cm. At each of 
these “positions”, a pair of two undisturbed soil monoliths of about 27 × 15 × 12 cm was 
sampled both on the whole E&Bt-horizon and on the upper 10 cm of the degraded Bt-horizon, 
hereafter called “Bt-horizon” for simplicity. Preliminary analysis indeed demonstrates that the 
particle-size distribution and the Fe and Mn total concentrations changed as a function of the 
distance to the drain only in these two horizons (Table 1). One monolith was used for 
quantification of the relative abundance of the different soil volumes and the other for 
determination of their mineralogical composition. 
2.3. Quantification of soil volumes by image analysis 
We used image analysis for quantifying the relative abundance of the different soil volumes: 
four in the E&Bt-horizon (white–grey, pale-brown, ochre and black) and five in the Bt-
horizon (white–grey, pale-brown, salmon–brown, ochre and black). This analysis was based 
on a supervised classification method using the ERDAS IMAGINE® commercial software 
package (Leica Geosystems GIS & Mapping LLC, 2003) as described in Montagne et al. 
(2007). The quantifications are given in Table 2. 
2.4. Characterization of soil volumes 
Sequential extraction was performed to quantify the different forms of Fe and Mn as a 
function of the soil volume and of the distance to the drain, in order to assess the impact of 
agricultural drainage on redox processes. X-ray diffraction and thermal analysis are mostly 
used for characterizing well-crystallized minerals, notably clay minerals. They were thus used 
to trace the impact of agricultural drainage on the eluviation process. 
2.4.1. Sequential extraction 
Sequential extraction was performed on the different soil volumes of the two horizons and for 
the different distances to the drain, with the exception of the pale-brown soil volumes in the 
Bt-horizon as they could not be sampled due to their relatively small abundance and their 
scattered spatial distribution. An extraction protocol based on that developed by Benitez and 
Dubois (1999) and Cornu et al. (2006) was used. However, in order to differentiate Mn 
oxides, which are very sensitive to variations in the redox conditions, from the various forms 
of Fe oxy-hydroxides, we added a step based on the work by Hall et al. (1996a). 
The protocol comprised the following six steps: 
– Step 1: extraction by 1 M sodium acetate and acetic acid at pH 5.5 for 6 h (solid/liquid 
ratio = 1/20) for “exchangeable, adsorbed and carbonate-occluded Fe and Mn”; 
– Step 2: extraction by 0.25 M hydroxylamine hydrochloride in hydrochloric acid for 30 min 
(solid/liquid ratio = 1/20) for “Fe and Mn occluded in Mn oxides”; 
– Step 3: extraction by 0.1 M sodium pyrophosphate at pH 10 for 1.5 h (solid/liquid 
ratio = 1/10) for “Fe and Mn occluded in organic matter”; 
– Step 4: extraction by 0.25 M hydroxylamine hydrochloride at 60 °C for 2 h (solid/liquid 
ratio = 1/20) for “Fe and Mn occluded in poorly crystalline oxides”; 
– Step 5: extraction by 1 M hydroxylamine hydrochloride in acetic acid 25% (solid/liquid 
ratio = 1/30) at 90 °C for 3 h for “Fe and Mn occluded in strongly crystalline oxides”; 
– Step 6: total dissolution of solid residues in HF + HClO4 + HCl (Ciesielsky et al., 1997). 
The black volumes were subjected to a simplified protocol, composed of steps 2, 4, 5 and 6, 
exclusively aiming at the quantification of the various types of oxides. Steps 1, 2, 4 and 5 
were repeated twice. 
The samples were rinsed with deionised water after each extraction step. The rinse consisted 
of 20 mL of water with a contact time of 1 h. All the extraction- and rinse-solutions were 
filtered through a 0.2 µm filter, acidified with ultra-pure HNO3, and analysed for Fe and Mn 
by atomic absorption spectrometry. Extractions were done in triplicate using 1 g of soil 
sample ground to 50 µm. Most reactants used were either Merck suprapur or Prolabo 
Normatom ultrapur grade. Pyrophosphate and hydroxylamine were a Prolabo pro-analysis and 
a Merck analytical-grade reagent respectively, as no higher grade exists for these two 
products. 
The blanks were analysed and their concentrations were subtracted from those measured in 
the different extraction solutions. Total concentrations were calculated by adding the different 
quantities extracted during each step, and compared to the total Fe and Mn concentrations 
measured for the different soil volumes (Ciesielsky et al., 1997; Table 2). The analyses made 
on the three replicates were averaged and their variation coefficients were calculated. In the 
following only the average values and the variation coefficients are presented. 
2.4.2. X-ray diffraction analyses 
XRD analyses were made on the < 2 µm fraction – called lutum (Stichting voor 
Bodemkaartering, 1965) – of white–grey, pale-brown and ochre volumes of the E&Bt-horizon 
at positions 60 and 400. Indeed, at these positions the strongest variations in lutum 
concentration were measured with the Robinson pipette method (Table 2). The lutum was 
separated from the total soil through sedimentation according to Stokes law and then analysed 
on oriented slides according to the method described by Robert and Tessier (1974). The X-ray 
diffraction patterns were obtained on a Philips PW-1730 diffractometer with a CuK  
source and a rear monochromator running at 45 kV and 30 mA. After treatment with ethylene 
glycol, the Mg-saturated slides were analysed for angles between 3 and 47° 2θ with an 
angular step of 0.02° and a counting time of 20 s per step. The X-ray diffraction patterns 
obtained after treatment with ethylene glycol were decomposed into elementary peaks by the 
method proposed by Lanson (1997) using DECOMPXR software (Lanson, 1993). 
Finally, the quartz concentration in the lutum fraction (0–2 µm) was measured using ZnO as 
internal standard as described in Hardy (1992). 
2.4.3. Thermal analyses 
We carried out a thermogravimetric analysis on a Setaram Setsys Evolution TGA-DSC 
thermal analyser, with a heating and cooling velocity of 20 °C min− 1 between 20 and 1200 °C 
and a 30 min stage at 1200 °C. This analysis was performed on 60 mg for the different soil 
volumes of the E&Bt-horizon at the three positions 60, 210, and 400. The clay minerals in 
these samples were quantified from the mass losses between 400 and 600 °C (Karathanasis 
and Harris, 1994). 
2.4.4. Mass-balance calculations 
Present stocks were calculated for each element j, in each of the soil volumes, according to 
the following equation: 
 
 
 
In this equation, Sj is the present stock of j in g, ρ is the bulk density in g cm− 3, Cj is the 
concentration of j in weight percent and V is the volume of the considered soil volume in cm3. 
The bulk density of the different soil volumes was determined by the kerosene method on 15 
replicates of undisturbed clods (Monnier et al., 1973). Volume V is obtained for each soil 
volume from quantification by image analysis as following: for a unit area of 1 cm2, the 
volume (cm3) occupied by a soil volume whose relative abundance A (in %) is equal to 
 
where Th (cm) is the thickness of the considered horizon. 
The overall mass flux for any soil volume mj,flux in g cm− 2 was then calculated for each 
element j using Eq. (3) proposed by Brimhall et al. (1991) and modified by Egli and Fitze 
(2000): 
 
 
 
 
in which the subscripts ref and w refer, respectively, to the soil volume taken as a reference – 
i.e. the parent material in Brimhall's approach – and to the weathered product; εi,w and τj,w are 
respectively the strain and the open-system mass-transport functions. These functions were 
defined by Brimhall et al. (1991) to represent, for εi,w, the soil-volume change over time using 
an immobile element i and, for τj,w, the mass fraction of element j gained or lost from the 
weathered product with respect to the mass originally present in the parent material. They 
were calculated according to the following equations: 
 
 
 
 
 
To compute these functions, quartz was selected as the immobile element (Montagne, 2006). 
By comparison with classic studies using mass-balance models, the present one shows two 
specific points. First, we chose the ochre soil volumes as reference material for computing 
mass-balance fluxes. Indeed these volumes are residual and inherited from the initial Bt-
horizon before “morphological degradation”. Morphological degradation is characteristic of 
Albeluvisol. It consists in the formation, over time, of a complex juxtaposition of a bleached 
eluvial E-horizon with residual soil volumes of the initial and non-degraded illuvial Bt-
horizon ([Jamagne, 1978], [Pedro et al., 1978] and [Driessen et al., 2001]). This phenomenon 
is superimposed on the non-degraded illuvial horizon form by eluviation–illuviation in 
Luvisol. The use as reference material of ochre soil volumes allows thus quantifying matter 
fluxes related to the “morphological degradation” processes independently from the previous 
ones. Secondly, the calculations were not done on total chemical concentrations but on the 
results of sequential extraction that more or less corresponded to specific and known minerals. 
Such approach was used for example by Jersak et al. (1997 to improve the understanding of 
the long-term fate of trace metal in podzols. It thus allowed computing fluxes of operationally 
defined chemical fractions tentatively assigned to well-defined minerals instead of chemical-
element fluxes. Finally, errors on calculations were estimated according to Montagne (2006). 
3. Results and discussion 
3.1. Impact of redox processes on the different forms of Fe and Mn 
3.1.1. Quality of the sequential extractions 
For each sequential-extraction step, the coefficients of variations for the Fe- and Mn 
concentrations are mostly below 5%, rarely exceed 10% and reach 15% in only two cases. 
Those of the total concentrations are always below 5%. This low variability between 
replicates allows interpreting, with a high level of confidence, the observed variations of the 
quantities of Fe and Mn extracted during the different extractions in terms of changes in iron 
and manganese forms. Finally, a comparison of the calculated and measured total Fe and Mn 
concentrations shows that 10 to 30% of the iron and manganese initially contained in the 
different soil volumes were lost likely as colloids after the pyrophosphate extraction (Cornu et 
al., 2006). For the black volumes no pyrophosphate extraction was performed. In this case, the 
difference between the measured and calculated total concentrations was lower than 10% and 
thus of the same order of magnitude than the classically admitted analytical error for 
sequential extraction (Tessier et al., 1979). This result reinforces our previous interpretation of 
the colloid losses. 
3.1.2. Identification of mineral phases quantified by the different sequential-
extraction steps 
The first step mainly aims at extracting the exchangeable forms, adsorbed by and linked to 
carbonates (Han and Banin, 1995). However, XRD analyses on total-soil samples show that 
the different soil volumes of the E&Bt-horizon do not contain carbonates. The iron and 
manganese extracted during this step thus occur mainly as exchangeable and adsorbed forms. 
The very small quantities of Fe and Mn extracted during this step are coherent with the small 
quantities of solid phases with high exchange and adsorption capacity in the studied samples 
(< 0.3% of organic matter, from 20 to 30% of lutum according to the soil volume considered, 
and < 5% of total iron). 
In the black soil volumes of both horizons, the quantities of Mn cold-extracted with 
hydroxylamine (step 2) represent most of the Mn contained in these volumes (Fig. 3). On the 
contrary, only very small quantities of Fe, never exceeding a few percent of total iron, are 
extracted with this same extraction (Fig. 4). This difference between the quantities of Mn and 
Fe extracted during this step is also observed in the other volumes. This extraction thus 
appears selective for Mn oxides, as was already shown by Liu et al. (2002) These oxides 
could not be identified by XRD, probably because of too low concentrations and/or a weak 
crystallinity (McKenzie, 1977). We suggest that these oxides are lithiophorite and/or 
birnessite ([McKenzie, 1977], [Liu et al., 2002] and [Manceau et al., 2003]). 
Step 3 covers the extraction of elements associated to organic matter (Hall et al., 1996b). 
Pyrophosphate, however, is a powerful deflocculant that can put into suspension colloids rich 
in Fe and Mn (Jeanroy and Guillet, 1981). Such a phenomenon is coherent with the clogging 
of filters observed during this extraction step and might be the cause, at least partially, of the 
observed Fe and Mn losses. This hypothesis is also coherent with the absence of Fe and Mn 
losses in the case of the black volumes, for which no extraction with pyrophosphate took 
place. Moreover, the organic-matter concentration is very low. Therefore, the losses as well as 
the Fe and Mn extracted during step 3 apparently correspond to colloidal iron oxides, 
probably ferrihydrite. 
Steps 4 and 5 are designated for the attack of amorphous and poorly-crystallized (step 4), and 
well-crystallized (step 5) iron oxides (Hall et al., 1996a). The main amorphous and poorly-
crystallized Fe oxide in soil is ferrihydrite ([Schwertmann and Taylor, 1977], [Hall et al., 
1996a] and [Liu et al., 2002]). The quantities of iron extracted with hydroxylamine at 60 °C 
can thus be considered as being mainly associated with this mineral. Hematite, goethite, 
lepidocrocite, maghemite and magnetite form well-crystallized iron oxides ([Schwertmann 
and Taylor, 1977] and [Cornell and Schwertmann, 1996]). However, in the ochre volumes of 
position 400, which contain the largest quantities of iron extracted with hydroxylamine at 
90 °C, the peak at 0.417 nm (Fig. 5) shows that goethite is more abundant in these volumes 
than in the others of position 400 and than in the different volumes of position 60. No other 
crystallized iron oxy-hydroxide was detected by XRD. Therefore, the quantities of iron 
extracted with hydroxylamine at 90 °C are mainly attributed to the dissolution of goethite. 
According to XRD analyses of total-soil samples, the solid residue is mainly composed of 
silicates, i.e. quartz, feldspars and different types of clay minerals. The Fe and Mn found in 
the residues are principally attributed to the different clay minerals. 
In the discussion hereafter, the Fe and Mn extracted during the different steps will be named 
by their associated minerals. These are goethite for step 5 and clays for step 6. For step 2, we 
keep the designation “Mn oxides” as this most likely covers birnessite and/or lithiophorite. 
The quantities of Fe and Mn lost during sequential extraction and extracted during steps 3 and 
4, attributed to ferrihydrite, will be summed up hereafter. 
3.1.3. Evolution of the iron and manganese distribution 
3.1.3.1. Fe and Mn distribution in the reference ochre soil volume of the Bt-horizon 
In the ochre soil volumes of the Bt-horizon (Fig. 3) and regardless of the position considered, 
Mn is mainly associated with ferrihydrite (around 50% of total Mn) and with clays (25 to 30% 
of total Mn). The remainder is distributed between Mn oxy-hydroxides (slightly over 10% of 
total Mn except at 210 cm where Mn oxides show higher Mn concentrations at the expense of 
Mn associated with ferrihydrite), goethite (10% of total Mn) and very small quantities 
extracted during step 1 (< 2%). 
Regardless of the distance to the drain, the iron contained in the ochre volumes of the Bt-
horizon (Fig. 4) mainly occurs as ferrihydrite (from 45 to 50% of total Fe depending upon the 
position considered) and goethite (35 to 40% of total iron depending upon the position 
considered). The iron associated with clays represents 15% of the total iron. Finally, 
negligible quantities are extracted during the first two extractions (together < 1%). 
As the total concentration (Table 2), the quantities of Fe and Mn extracted from the ochre 
volumes of the Bt-horizon during the different steps generally vary little with the distance to 
the drain (Fig. 3 and Fig. 4). Therefore, as a first approximation, we consider it acceptable to 
use the ochre volumes of the Bt-horizon as a reference. The mass flux responsible for the 
differentiation of the other soil volumes will thus be calculated with reference to the average 
concentrations measured in the ochre volumes of the Bt-horizon at the three positions 60, 210 
and 400. 
3.1.3.2. Fe and Mn distribution as a function of the soil volume and of the distance 
to the drain 
Fig. 3 and Fig. 4 show that the clearest changes in the distribution of iron and manganese are 
seen between the different soil volumes, and that they concern all forms of Fe and Mn. 
Changes in terms of the distance to a drain are less clear and concern only certain specific 
forms of Fe and Mn. 
In the two horizons, the quantities of Fe and Mn extracted during the different steps decrease 
from the ochre volumes to the white–grey ones, except for the Fe and especially Mn in the 
clays fraction that show relatively stable quantities (Fig. 3 and Fig. 4). The dissolution of clay 
minerals through ferrolysis is commonly evoked to explain the contrasts in texture between 
the ochre and the lighter–coloured volumes ([Jamagne, 1978], [Pedro et al., 1978], 
[Brinkman, 1979], [Stolt et al., 1994], [Hardy et al., 1999] and [Driessen et al., 2001]). 
However, the relative stability of the Fe and Mn quantities in the clays fraction indicates that, 
if the ferrolysis process is active in the studied soil, it is not the main process responsible for 
the differentiation of the light-coloured (white–grey and pale-brown) volumes. This result 
agrees with the work by Jamagne et al. (1984) and Van Ranst and De Coninck (2002). From 
the ochre to the white–grey soil volumes, Fe concentrations in the goethite fraction and Mn in 
the ferrihydrite fractions decreased most markedly. 
Black volumes are characterized by quantities and forms of Fe and Mn that are different from 
those seen in the ochre volumes of the Bt-horizon. Black volumes are considerably enriched 
in Mn, i.e. at least an order of magnitude more than in the ochre volumes. Moreover, at least 
90% of the Mn contained in the black volumes occurs as Mn oxides, whereas these form 
accounted for only slightly over 10% of the total Mn of the ochre volumes of the Bt-horizon 
(Fig. 3). The quantities of iron associated with Mn oxides and as ferrihydrite in the black 
volumes of the E&Bt-horizon are larger than those of the other volumes, regardless of the 
distance to the drain, whereas the quantities of the other forms of iron do not change greatly 
with reference to the ochre soil volumes. In addition, the Mn/Fe ratio of ferrihydrite increases 
from ochre to black volumes by a factor 2 in both horizons (Table 3). No change was 
observed in the Mn/Fe ratio for goethite (Table 3). These results suggest that the goethite is 
inherited from the soil matrix and is cemented by the precipitation of Mn oxides and a 
ferrihydrite richer in Mn than that initially contained in ochre volumes. The Fe and Mn that 
compose part of these black volumes probably derive from dissolution of the initial goethite 
and ferrihydrite, relatively depleted in Mn, the abundance of which decreases from the ochre 
to the white–grey volumes. The black volumes would thus be the result of the precipitation of 
Mn oxides and Mn-rich ferrihydrite, after dissolution of the different initial forms of Fe 
oxides. 
Mn oxide quantities are higher in the different soil volumes at the two positions 60 and 210 
than at position 400, except in the black volumes. This is probably related to the progressive 
formation, through diffuse impregnation within the different volume types, of black volumes 
strongly enriched in Mn oxides whose abundance increases with decreasing distance to the 
drain. The formation of iron and/or manganese concretions and nodules (the black soil 
volumes) from diffuse impregnations (not selectively sampled in this study) was described in 
detail by Stolt et al. (1994). 
3.2. Impact of eluviation on the mineralogy of the different soil volumes 
3.2.1. Characterization of the silicate phases of lutum 
Lutum is composed of quartz (peaks at 0.334 and 0.425 nm, Fig. 5), small quantities of K-
feldspars and plagioclases (peaks at 0.319 and 0.324 nm), and different types of clay minerals 
including kaolinite (peaks at 0.714 and 0.357 nm remaining after ethylene-glycol treatment, 
Fig. 5). The X-ray diffraction patterns of the oriented preparations solvated with ethylene 
glycol were decomposed for a range of angles from 4 to 10° 2θ, evidencing four other types 
of clay minerals (Fig. 6): 
(i) Well crystallized illite, shown by the persistence of a narrow peak at 1.0 nm after treatment 
with ethylene glycol (Fig. 6), and by the presence of a peak at 0.5 nm (Fig. 5); 
(ii) Poorly-crystallized illite shown by a larger peak at 1.01 nm (width at mid-height ranging 
from 0.6 to 0.8° depending upon the position and the volume considered); 
(iii) Chlorite, shown by the persistence of a narrow peak at 1.4 nm after treatment by ethylene 
glycol (Fig. 5 and Fig. 6). The collapse of this peak after heating at 520 °C evidences chlorites 
rich in Fe rather than hydroxy-interlayered vermiculites (Tamura, 1957). The presence of 
chlorite is moreover confirmed by the peaks at 0.7 (overlapping with kaolinite), 0.47 and 
0.35 nm in the different soil volumes (Fig. 5). 
(iv) A clay mineral containing swelling phases as shown by a peak varying in position from 
1.3 nm under Mg-saturated conditions (data not shown) to 1.4 nm, at position 60, or even 
1.61 nm, at position 400, as glycol-treated (Fig. 6). Its width at mid-height is always larger 
than 1° (Fig. 6). This mineral is identified as an illite–smectite mixed layer (IS) with different 
proportion in smectite depending on the distance to the drain rather than vermiculite or 
hydroxyl-interlayered smectite that normally should not swell over 1.6 nm. 
This complex silicate composition of lutum is in very good agreement with that described by 
Jamagne et al. (1984) in Albeluvisols of Northern France developed in loess. 
3.2.2. Selectivity of the eluviation process 
The main change in clay mineral composition, with the distance to the drain, is the presence, 
at position 60, of chlorites – as shown by a well-expressed peak at 1.4 nm after treatment with 
ethylene glycol – whereas this peak is only weakly present at position 400 (Fig. 6). Another 
important change concerns the evolution of the swelling minerals. The interstratified illite–
smectite peak is at 1.61 nm for position 400 and at 1.4 nm for position 60 (Fig. 6). As 
observed on oriented glycol-treated slides, this change is not related to a change in the 
interlayer cation as was observed by Pernes-Debuyser et al. (2003) for potassium fertilizer but 
likely to different proportions of smectites in the IS inducing different swelling. Furthermore, 
the intensity of the band attributed to IS decreased in the lutum of the ochre volumes of the 
E&Bt-horizon with the distance to the drain (Fig. 6). On the opposite, the intensity of the band 
corresponding to chlorite increased relatively to other clays species as the distance to the drain 
decreased (Fig. 6). Similarly, the quartz concentrations in the lutum fraction of the ochre soil 
volumes increased from 6.5 g 100 g− 1 at position 400 to 9.3 g 100 g− 1 at position 60. These 
results suggest a preferential elimination of the interstratified minerals rich in smectites with 
respect to those rich in illites and other minerals present in the lutum. 
The particle-size of smectites and interstratified illite–smectite was found to be generally 
smaller than that of illites and much smaller than that of quartz and chlorite in relatively 
similar soils ([De Coninck et al., 1976] and [Hardy et al., 1999]). The preferential elimination 
of smectites and interstratified illite–smectite would thus be related to the particle-size 
selectivity of the eluviation process. Indeed this process is known to not affect, or less so, the 
coarser minerals that are then relatively enriched ([De Coninck et al., 1976], [Jamagne et al., 
1984] and [Hardy et al., 1999]). This result is coherent with the work by Mercier et al. (2000), 
who identified smectites, most commonly interstratified with illite, as one of the major 
constituents of suspended load of drains of a Luvisol. 
The sequential extractions show that the quantities of iron in the ferrihydrite, goethite and clay 
fractions of the ochre soil volumes decrease of about 35% from position 400 to position 60. 
This suggests that Fe removal is mostly caused by an intensification of the eluviation process, 
rather than by redox processes that would mainly affect oxides. This hypothesis agrees with 
the observations by Mercier et al. (2000), who showed that the particulate matter lost during 
agricultural drainage of a Luvisol consist in well- and poorly-crystallized iron oxides, 
commonly smaller than 200 nm, as well as aggregates of phyllosilicates and iron oxides. 
3.3. Modelling the impact of eluviation and redox processes on different mineralogical 
forms of iron and manganese: variability of this impact with the distance to the drain 
Mass-balance modelling shows that Mn oxide quantities increase within the two horizons 
with decreasing distance to the drain (Fig. 7). This is mainly due to the formation of black 
volumes whose abundance also increases with decreasing distance to the drain (Table 2) and, 
to a lesser extent, to the precipitation of Mn oxides in the ochre and pale-brown volumes of 
the E&Bt-horizon (Fig. 7). On the opposite, about 6 g m− 2 of Mn is lost from ferrihydrite 
whatever the distance to the drain. This is due to the differentiation of the white–grey 
volumes. The Mn associated with goethite or clays was lost increasingly as the distance to the 
drain decreased (Fig. 7). These two opposite trends resulted in increasingly more Mn stored in 
Mn oxides relatively to the other forms of Mn with decreasing distance from the drain. In the 
initial soil material, i.e. the ochre volumes of the Bt-horizon, Mn oxides were the third most 
abundant form of Mn (13.2 g m− 2) after the ferrihydrite (45 g m− 2) and the clays (25.5 g m− 2, 
Fig. 7). Long-term formation processes (position 400, Fig. 7) resulted in Mn being contained 
as much in oxides as ferrihydrite with a gain of about 29 g m− 2 of Mn as Mn oxides and a loss 
of 7 g m− 2 of Mn from ferrihydrite. Agricultural drainage (position 60, Fig. 7), increases the 
quantity of Mn contained in the Mn oxides (about 190 g m− 2) to about four times that of 
ferrihydrite (about 50 g m− 2). 
The mass of Fe in the ferrihydrite, goethite and clay fractions decreased from the reference 
state (ochre volumes from the Bt-horizon) to the two positions 400 and 210 (Fig. 8). This 
decrease ranges from about 500 g m− 2 for the clays to about 3000 g m− 2 for the ferrihydrite. It 
is further enhanced from these two positions to position 60. The losses in Fe reached thus 
6400, 5700 and 1500 g m− 2 for respectively the ferrihydrite, goethite and clays (Fig. 8). This 
increase of Fe losses at 60 cm, and in particular the three-fold increase of Fe losses as clay, 
underlines the increase in intensity of the eluviation process as a result of soil drainage. 
 
The mass-balance modelling shows that the formation of black volumes induces the 
appearance of iron in association with Mn oxides. This mineralogical form of Fe is specific to 
the black volumes and initially did not exist. This phenomenon, however, is negligible in 
comparison to the loss of other Fe forms. In the same manner, ferrihydrite precipitates along 
the formation of black volumes. This only leads to negligible Fe gains when compared to the 
exports related to the differentiation of the white–grey volumes (Fig. 8). At position 60, the 
black volumes of the E&Bt-horizon have lost goethite but no ferrihydrite. This shows that the 
precipitation of ferrihydrite in the black volumes compensates the losses related to the 
intensification of the eluviation process. 
As a conclusion the formation of black volumes with decreasing distance to the drain is the 
main process at the origin of the changes in the mineralogical forms of manganese but has 
only a slight impact on the evolution of the different forms of iron. These last ones essentially 
evolve due to an increase in the eluviation process. Eluviation being only slightly selective for 
the different forms of iron, their relative abundance does not change in terms of the distance 
to the drain at the scale of the two horizons. 
Finally, from these data and considering that the lost clays were mostly smectites, as was 
shown by XRD analysis of the lutum, the lost masses of goethite, ferrihydrite and smectites 
were calculated (Table 4) and compared to the lost mass of lutum (Montagne, 2006). Both the 
sum of goethite, ferrihydrite and smectite losses, and the loss of lutum are of the same order 
of magnitude. This suggests that lutum losses are effectively related to losses of goethite, 
ferrihydrite and smectites (or other 2:1 clay types close to smectite), as opposed to chlorite, 
quartz and kaolinite. Smectite loss represents about 80% of total exported minerals (Table 4). 
3.4. Temporal succession of the eluviation and redox processes 
We showed, using the Fe/Mn ratios in goethite and ferrihydrite of the ochre and the black 
volumes, that black volumes result, as far as forms of iron are concerned, in the cementation 
by ferrihydrite of the soil matrix. Goethite and clays were thus inherited. 
Thermal-analysis quantification of the abundance of clay minerals in the black and ochre 
volumes confirms that the quantities of clay minerals cemented in the black volumes are 
similar to those found in the ochre volumes, regardless of the distance to the drain (Fig. 9). 
They also showed that the abundance of clay minerals decreased in the ochre and the black 
soil volumes from the two positions 400 and 210 to position 60, which is in very good 
agreement with the results of mass-balance modelling and XRD analysis and results from the 
drainage impact. 
The decrease of the quantities of clay minerals and that of the quantities of Fe in the clays 
fraction of the black volumes at position 60, thus indicates that the cementing of the soil 
matrix through preferential precipitation of ferrihydrite and Mn oxides occurs after the 
evolution of the ochre volumes through the impact of the eluviation process. 
It seems therefore that the removal of goethite, ferrihydrite and smectites, in answer to the 
intensification of the eluviation process, took place very shortly after the drainage network 
was installed and then decreased in intensity. Turtola and Paajanen (1995) already described 
this type of evolution in the eluviation process, in response to soil drainage. They indeed 
measured a very strong increase in the export of particulate matter following the renewal of a 
drainage network and then a slow decrease over time in the matter losses (Turtola and 
Paajanen, 1995). 
4. Conclusions 
Mass-balance modelling in combination with a space-for-time substitution generally suffers 
two main limitations: 
1. the difficulty to select soils having similar topography, parent material and climate, the 
latest being constant through space and time. This is a required condition in order to be able to 
interpret the observed changes in the soil solid phase as a result of time. 
2. the age of the soil profiles must be known, at least in one position; relative ages among the 
different positions being sometime sufficient. However, soil ages are difficult to rate, and 
their uncertainty often increased with the age of the soil. 
The studied case is ideal to apply this kind of approach as the age of the drainage network is 
known with accuracy and the studied soil profiles are located on a sufficiently short distance 
(i.e. some meters) that we can consider that the heterogeneities in terms of soil parent 
material, climate and topography are highly limited. We can thus interpret soil changes as a 
result of drainage through time with a reasonably good level of confidence. 
Both redox and eluviation processes are significantly impacted by drainage with resulting 
mineralogical changes that are of a same order of magnitude than those resulting from the 
long-term soil formation. Changes in redox conditions result in increasing precipitation of Mn 
oxides and Mn-rich ferrihydrite with decreasing distance to the drain. As a consequence the 
main Mn form is Mn-rich ferrihydrite before drainage and becomes Mn oxides after 16 years 
of subsurface drainage. The enhanced eluviation results in the removal of most of the swelling 
clays–minerals and of more than one third of the Fe oxides at the immediate vicinity of the 
drain. These changes occur over a maximum period of time of 16 years for the redox 
processes but are thought to be even faster for the eluviation process that seems to be active in 
the studied soil type only during the first years after the drainage network installation. As a 
conclusion, a change in environmental conditions, like the intensity and the velocity of water 
fluxes, sufficiently modifies soil processes – as eluviation and redox – to induce significant 
changes in the soil mineralogical composition even over period of time as short as some tens 
of years. 
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Figures and Tables 
 
 
 
Fig. 1. Location of the studied site in France. The soil trench wad dug on the top of a plateau 
in a field called “Les Brissets”. 
 
 
 
Fig. 2. Schematic representation of the evolution of the relative abundance of the different soil 
volumes with the distance to the drain. Distances (in m) indicate of the position of the studied 
soil profiles. For simplicity, the black soil volumes in both horizons and the white–grey, the 
pale-brown and the brow-salmon soil volumes in the Bt-horizon were not represented. 
 
 
 
Fig. 3. Quantities of Mn extracted by the different steps of the sequential extraction for the 
different soil volumes and distances to the drain. Error bars represent ± 10% of the measured 
quantities. 
 
 
 
Fig. 4. Quantities of Fe extracted by the different steps of the sequential extraction for the 
different soil volumes and distances to the drain. Error bars represent ± 10% of the measured 
quantities. 
 
 
Fig. 5. XRD spectra of the lutum after Mg saturation (Mg), treatment with ethylene glycol 
(EG) and heating at 520 °C (520 °C) for the different soil volumes of the E&Bt-horizon at 
positions 60 and 400. The lattice distances (in nm) were reported on the top of corresponding 
peaks. 
 
 
 
Fig. 6. XRD deconvolution patterns of the clay-fraction after treatment with ethylene glycol 
of the ochre soil volumes from the E&Bt-horizon at positions 60 and 400. The lattice 
distances (in nm) were reported on the top of corresponding peaks. 
 
 
 
 
Fig. 7. Stocks and gains, or losses, of the different mineralogical forms of Mn using a mass-
balance model at positions 400, 210 and 60. A: Mn oxides; B: ferrihydrite; C: goethite; D: 
clays. The ochre soil volumes from the Bt-horizon were considered as reference material. The 
rectangles schematically showing the different soil volumes have an area proportional to their 
relative abundance. The numbers inside the rectangles indicate the stocks presently contained 
in the considered soil volume. Positive fluxes correspond to gains and negative fluxes to 
losses. The lack of an arrow indicates negligible flux. 
 
 
 
Fig. 8. Stocks and gains in or losses of the different mineralogical forms of Fe using a mass-
balance model at positions 400, 210 and 60. A: Mn oxides; B: ferrihydrite; C: goethite; D: 
clays. The ochre soil volumes from the Bt-horizon were considered as reference material. The 
rectangles schematically showing the different soil volumes have an area proportional to their 
relative abundance. The numbers inside the rectangles indicate the stocks presently contained 
in the considered soil volume. Positive fluxes correspond to gains and negative fluxes to 
losses. The lack of an arrow indicates negligible flux. 
  
 
Fig. 9. Masses lost as a result of the dehydroxylation of clay minerals in the ochre and black 
soil volumes of the E&Bt-horizon at 60, 210, and 400 cm from the drain. Error bars represent 
± 10% of the measured masses. 
Table 1. : Main pedological properties of the different soil horizons as a function of the 
distance to the drain 
Horizon 
 
Depth 
(cm) 
 
Particle-size distribution (g 
kg−1) 
pH Organic C (g 
kg− 1) 
 
Iron (g 
kg− 1) 
  
< 2 µm 
 
2–50 µm 50–
2000 µm    
Position 400 
Ap 10–20 132 746 122 7.4 7.0 15 
E 25–35 134 749 117 7.3 7.3 16 
E&Bt 35–45 223 701 76 8.0 1.4 22 
 45–55 288 642 70 n.d.  n.d. 27 
Bt 55–65 334 611 55 8 1.3 29 
  65–100 334 610 56 7.4 0.9 28 
 
Position 210 
Ap 10–20 138 729 133 7.5 7.2 15 
E 30–40 140 740 120 7.8 6.8 16 
E&Bt 40–50 280 640 80 8.0 1.6 27 
 50–60 303 634 63 8.0 1.3 27 
Bt 60–70 328 612 60 8.1 1.2 29 
  70–100 329 614 57 8.0 1.1 26 
 
Position 60 
Ap 10–20 133 737 130 7.6 7.6 16 
E 25–35 135 741 124 7.8 7.9 15 
E&Bt 35–45 162 742 96 8.1 1.7 16 
 45–55 169 745 86 8.0 1.2 15 
Bt 55–65 263 666 71 8.0 1.2 25 
  65–100 334 605 61 7.9 1.2 27 
n.d.: not determined. 
Table 2. / Relative abundance and properties of the different soil volumes as a function of the 
distance to the drain 
 Distance to the drain 
(cm) 
White–
grey 
Pale-
brown 
Salmon–
brown 
Ochre Black
Relative abundance of the different soil volumes in % 
E&Bt-
horizon 
400 5 42  52 1 
 210 5 40  50 5 
 60 11 55  24 10 
Bt-horizon 400 1 11 14 73 1 
 210 1 12 10 74 1 
 60 4 30 10 52 4 
 
Bulk density in g cm− 3 
E&Bt-
horizon 
400 1.68 1.68  1.71 1.71 
 210 1.68 1.68  1.71 1.71 
 60 1.68 1.68  1.71 1.71 
Bt-horizon 400 1.70 1.70 1.75 1.75 1.75 
 210 1.70 1.70 1.75 1.75 1.75 
 60 1.70 1.70 1.75 1.75 1.75 
 
Fe total concentrations in g 100 g− 1 
E&Bt-
horizon 
400 1 1.5  3.7 4.5 
 210 1 1.5  3.8 4.5 
 60 0.8 1.2  3.3 3.3 
Bt-horizon 400 1.4  2 3.5 4.4 
 210 1.3  1.8 3.1 3.8 
 60 1 1.4 2.2 4.1 4.2 
 
Mn total concentrations in mg kg− 1 
 Distance to the drain 
(cm) 
White–
grey 
Pale-
brown 
Salmon–
brown 
Ochre Black
E&Bt-
horizon 
400 100 160  240 5600 
 210 110 240  300 4200 
 60 90 220  260 4400 
Bt-horizon 400 90  110 200 4500 
 210 90  120 170 1200 
 60 90 140 130 180 5400 
 
Lutum concentrations in g 100 g− 1 
E&Bt-
horizon 
400 20 21  30  
 210 17 19  32  
 60 14 16  17  
Bt-horizon 400 29  35 32  
 210 24  33 32  
 60 18 19 33 33  
 
Quartz concentrations in g 100 g− 1 
E&Bt-
horizon 
400 64 63  52  
 210 65 65  49  
 60 71 71  63  
Bt-horizon 400 54  50 52  
 210 53  50 51  
 60 66 64 50 48  
 
 
 
 
 
 
 
Table 3. / Means ± standard deviation of the Mn/Fe ratio in the different soil volumes 
independently from the drain distance 
  Mn/Fe ratio 
Horizon Volume Ferrihydrite Goethite
E&Bt White–grey 55 ± 23 29 ± 3 
 Pale-brown 82 ± 20 27 ± 3 
 Ochre 82 ± 26 17 ± 3 
 Black 192 ± 78 25 ± 6 
Bt White–grey 59 ± 30 25 ± 3 
 Salmon–brown 44 ± 8 36 ± 19 
 Ochre 52 ± 9 15 ± 3 
 Black 136 ± 61 21 ± 2 
 
 
Table 4. / Fe masses lost as ferrihydrite, goethite and smectites, and as lutum at position 60 
 
Mineral Fe mass lost (g m− 2) as Lost mass (g m− 2) 
Ferrihydrite: Fe5HO8·4H2Oa 6400 11,000 
Goethite: FeOOHa 5700 9100 
Smectites: Si8Al3,2Fe0,2Mg0,6O20(OH)4a 1500 97,000 
Total mass lost (g m− 2)  117,100 
Lutum mass lost (g m− 2)  113,000b 
a The structural formulae of ferrihydrite and goethite are from Cornell and Schwertmann 
(1996), that of smectites from Sposito (1989). 
b Result published in (Montagne, 2006). 
